A High-Resolution Paleoecological Perspective on Historical Fire Regimes in Great Lakes Barren Communities of Stockton Island, Wisconsin by Huff, Matthew Glenn
Lehigh University 
Lehigh Preserve 
Theses and Dissertations 
5-1-2019 
A High-Resolution Paleoecological Perspective on Historical Fire 
Regimes in Great Lakes Barren Communities of Stockton Island, 
Wisconsin 
Matthew Glenn Huff 
Lehigh University, matthewghuff@gmail.com 
Follow this and additional works at: https://preserve.lehigh.edu/etd 
 Part of the Environmental Sciences Commons 
Recommended Citation 
Huff, Matthew Glenn, "A High-Resolution Paleoecological Perspective on Historical Fire Regimes in Great 
Lakes Barren Communities of Stockton Island, Wisconsin" (2019). Theses and Dissertations. 5665. 
https://preserve.lehigh.edu/etd/5665 
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in 
Theses and Dissertations by an authorized administrator of Lehigh Preserve. For more information, please contact 
preserve@lehigh.edu. 
 
 
 
 
A High-Resolution Paleoecological Perspective on Historical Fire Regimes 
in Great Lakes Barren Communities of Stockton Island, Wisconsin 
 
by 
 
Matthew G. Huff 
 
 
A Thesis 
Presented to the Graduate and Research Committee 
of Lehigh University 
in Candidacy for the Degree of 
 
Masters of Science 
 
in 
Earth and Environmental Sciences 
 
 
Lehigh University 
May 2019
ii 
 
 
 
 
 
 
 
 
 
 
 
 
©2019 Copyright 
Matthew G. Huff 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iii 
 
 
This thesis is accepted and approved in partial fulfillment of the requirements for the  
Master of Science in Earth and Environmental Sciences  
  
 
“A High-Resolution Paleoecological Perspective on Historical Fire Regimes  
in Great Lakes Barren Communities of Stockton Island, Wisconsin”  
  
Matthew G. Huff  
  
  
_______________  
Date Approved  
      
        
____________________________________ 
         Robert Booth (Advisor)  
             
____________________________________ 
                   Stephen Peters (Committee Member) 
 
____________________________________  
  Zicheng Yu (Committee Member)  
  
  
____________________________________  
David Anastasio (Department Chair) 
 
 
 
 
iv 
 
 
Acknowledgements 
 
 I would like to thank my advisor Bob Booth for guiding me through the process 
of completing my masters at Lehigh University, while helping me become a better 
researcher along the way; my committee members Stephen Peters and Zicheng Yu for 
their teaching and assistance throughout the project; Beth Lynch for all her help with 
fieldwork and discussions, as well as the number of undergraduates who assisted on the 
project including Marlene Schuster, Ava Scally, Julia Bebout, and Dominic Behe; the 
National Parks Service, who provided funding and inspiration for the project, particularly 
Peggy Burkman and Gregor Schuurman; Nancy Roman, Andrea Goff, and MaryAnn 
Haller for their administrative assistance; other EES faculty, staff, and peers for their 
support; and my family and friends for supporting me throughout the entire process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
 
Table of Contents 
  
List of Tables and Figures       vi     
Abstract                  1      
Introduction               3      
Study Site                7     
Methods                 10     
Results                 14                  
Discussion          20 
Conclusions and Management Implications         29  
Tables                  30     
Figures                  31     
References             39 
Vita              47           
             
 
 
 
 
 
 
 
vi 
 
List of Tables and Figures 
 
Table 1: Radiocarbon Dates from Stockton Bog 
Figure 1: Site and Vegetation Map of Stockton Island Tombolo. 
Figure 2: Age depth model and loss on ignition data. 
Figure 3: Testate amoebae assemblages. 
Figure 4: Non-metric multidimensional scaling (NMDS) 
Figure 5: Charcoal Records and Correlations. 
Figure 6: Fire episodes and return intervals from Stockton Bog. 
Figure 7: Comparison among fire, bog hydrology, and climate at multiple spatial-scales. 
Figure 8: Coarse-resolution pollen record redrawn from the previous study by Swain and 
Winkler (1983)
1 
 
 
Abstract 
Fire is an important earth-system process, which is impacted by climate, and in 
turn shapes plant communities and drives biogeochemical cycling. Long-term 
perspectives on fire history are valuable in understanding the historical role of fire in 
maintaining plant communities, and paleoenvironmental methods are a primary source 
for this information. Great Lakes barren communities, characterized by pines and other 
fire-adapted plants growing in sandy, well-drained soils, are a regionally unique 
ecosystem type that is likely fire dependent. However, long-term perspectives on fire 
history are needed to inform management. In this study, I quantify multiple size-fractions 
of charcoal throughout a peat core to compare burning at different spatial-scales through 
time, comparing and contrasting fire history in the Great Lakes barren community with 
that of the broader island and regional mixed-deciduous forest. I compare these fire 
history records with a surface-moisture reconstruction developed through testate amoeba 
analyses to assess hydrological controls on burning, and use my data to discuss the utility 
of peatland fire history records and make brief management recommendations. 
Macroscopic charcoal influx was high throughout most of the ~6000-year record, with 
particularly high levels indicating periods of increased local burning 4.1-3.6 ka, 2.6-2.1 
ka, and over the last ~400 years prior to fire suppression. Microscopic charcoal influx 
showed little correlation with the macroscopic record (r=0.17), indicating mostly distinct 
signals from regional and local fires respectively. However, nine instances of 
simultaneous local and regional fire episodes were identified, likely representing 
occurrences of major, widespread fires. All simultaneous regional and local fire events 
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occurred when bog moisture was drier than average, and regional fire history was weakly 
correlated with bog hydrology for the past 2500 years. Results indicate that the sand 
barren landscape has a history of persistent local burning with an average fire return 
interval of about 55 years, and fire history was unrelated to local bog hydrology, although 
increased large fires during the Medieval Climate Anomaly and decrease large fires 
during the LIA suggest a possible relationship with temperature or seasonal moisture 
changes. Controlled burning of Great Lakes barren communities that is broadly consistent 
with the observed historical fire frequency of the past 400 years is most likely to maintain 
this rare and unique community.  Finally, my results highlight the value of peatland 
records of fire history, which have been underutilized in paleoenvironmental studies even 
though these depositional systems provide some advantages over lakes. 
 
 
 
 
 
 
 
 
 
 
3 
 
Introduction 
Widespread and severe fires have occurred over the past several decades in many 
regions, and have generated considerable interest in understanding how changing fire 
regimes impact ecosystems and ecological communities (Marlon et al. 2012; McKenzie 
& Littell, 2017; Noss et al. 2006), including how fire suppression and climate change 
have affected fire regimes in different ecosystem types (Bridge et al. 2005; Johnson et al. 
2001). Long-term perspectives are critical to understanding wildfire, and fire 
management decisions should be informed with an understanding of the historical role of 
fire in particular ecosystem types (Gavin et al. 2007; Whitlock & Larson, 2002). 
Therefore, paleoenvironmental records have become a valuable source of information on 
the timing of frequency of past fire events (Marlon et al. 2006; Long et al. 1998) and the 
ecological effects of fire (Hotchkiss et al. 2007; Lynch et al. 2006).  
Considerable effort over the past two decades has been concentrated on the 
development and refinement of laboratory and analytical methods to assist with the 
interpretation of sedimentary charcoal records (Higuera et al. 2011; Power et al. 2008; 
Higuera et al. 2005). Most of these studies have utilized lake sediments, with laboratory 
and analytical techniques focused on using a particular size fraction of charcoal for 
inferences at a corresponding spatial scale (Urrego et al. 2013; Umbanhowar, 2004). The 
identification of peaks in charcoal influx has allowed fire episodes (one or more large 
fires occurring over a period of time shorter than sample resolution) to be identified while 
accounting for the effects of depositional processes like sediment focusing (Conedera et 
al. 2009; Oswald et al. 2005) that can produce low-frequency changes unrelated to real 
changes in fire frequency (Higuera et al. 2010).    
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Although much recent fire paleoecology work has been conducted in semi-arid 
regions of western North America, fire history in more humid regions has remained less 
studied, despite evidence of fire playing an important role in shaping some ecosystems in 
these regions (Bond & Keeley, 2005; Marlon et al. 2013; Gavin et al. 2003). For 
example, Great Lakes barren communities, characterized by scattered red and/or jack 
pine and other fire-adapted plants, are very likely fire dependent and given the rarity of 
these ecosystems in the upper Midwest, a better understanding of their fire ecology would 
assist management efforts (Feldman, 2011). One of the most undisturbed examples of a 
Great Lakes barren community is located on Stockton Island in the Apostle Islands 
National Lakeshore of Lake Superior. Despite being part of a protected national park, the 
vegetation of the barren community has become more dense since the 1930s, as 
evidenced by historical photographs. These changes have likely been caused or enhanced 
by fire suppression since the early 1970s (Feldman, 2011; Swain & Winkler, 1983). 
Considering these changes and the rarity of Great Lakes barren communities, The 
National Park Service has proposed controlled burning to restore the ecosystem to its pre-
fire suppression state. However, little information exists on the long-term fire history of 
Stockton Island (Swain & Winkler, 1983), and therefore a paleoenvironmental record of 
past fire frequency and local fire episodes would be useful to inform this fire 
management plan.   
Stockton Island has no natural lakes other than shallow lagoons, but it contains 
peatlands and therefore provides an opportunity to develop peatland records of fire 
history, which have been underutilized in comparison to lake sediment records (Anderson 
et al. 2008; Huber & Markgraf, 2003). However, peatland fire reconstructions are not 
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without their challenges for several reasons. First, most analytical approaches for the 
identification of charcoal peaks have been developed for lake depositional environments, 
where sediment focusing and potential redeposition of charcoal fragments necessitates 
removing low-frequency background trends in the charcoal data (Higuera et al. 2009). It 
is unclear whether such approaches are needed for oligotrophic peatlands, where 
sediment focusing and surface inflow are not expected to occur (Florescu et al. 2018). 
However, other factors like changes in vegetation structure or density can also lead to 
low-frequency trends (Higuera et al. 2010), so typically similar approaches have been 
applied in peatlands (Morris et al. 2015). Furthermore, peatlands can occasionally burn, 
creating locally derived charcoal that is not sourced from upland fires and in some cases 
the peat itself can burn leading to depositional hiatuses in the record (Booth et al. 2012). 
However, the lack of surface inflow may be an advantage of peatland fire records, as all 
upland charcoal must be deposited on the peatland surface via atmospheric deposition.  
While the majority of prior sedimentary charcoal studies have focused on a single 
size fraction (Ohlson et al. 2006; Tinner et al. 2006; Behling et al. 2004), some recent 
work has shown great potential in using multiple size fractions of charcoal in tandem to 
assess fire at multiple spatial scales (Florescu et al. 2018; Vachula et al. 2018). Prior 
studies have shown that microscopic charcoal fragments (<125 µm) are typically sourced 
from within 125 km of the depositional basin, although most of this charcoal is likely 
derived from a source area similar to pollen, which typically reflects a distance-weighted 
source area of 20-30 km in forested regions (Davis, 2000; Sugita, 1994). Macroscopic 
fragments (>125 µm or >250 µm) generally reflect more local fire events that occur 
within ~3 km of the basin (Vachula et al. 2018; Lynch et al. 2004). Analyzing both local 
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and regional fire histories at Stockton Bog, using macroscopic and microscopic charcoal 
fragments respectively, could allow the reconstruction of both local fire regimes within 
the Great Lakes barren community as well as the fire regimes of the surrounding mixed-
deciduous forests on the island and broader region. 
Peatlands are also sources of information on past hydrology, and the combined 
investigation of past hydrology and fire can provide insights into the sensitivity of fire to 
changing climate (Clifford & Booth, 2015; Galka et al. 2015). Testate amoebae, a group 
of moisture-sensitive protists that produce characteristic shells, have been used in a 
number of studies to reconstruct changes in bog surface wetness (Lamarre et al. 2013; 
Payne et al. 2012, Booth et al. 2008). For example, using the paired approach of charcoal 
and testate amoebae, Clifford & Booth (2013) found that fire episodes reconstructed from 
bogs in Maine were more likely to occur during drought events. Testate amoebae and 
charcoal can be analyzed at high-resolution, and both are sensitive to variability at 
decadal timescales (Amesbury et al, 2012; Allen et al. 2008; Szeicz et al. 2003). Previous 
research done on Stockton Bog found an average accumulation rate of ~7yr/cm, 
suggesting a high-resolution record of both charcoal and testate amoebae was obtainable 
(Swain & Winkler, 1983). 
In this study, I analyzed microscopic charcoal (<125 µm), macroscopic charcoal 
of two sizes (125-250 µm and > 250 µm), and testate amoebae from Stockton Bog, an 
oligotrophic peatland located within the pine-dominated portion of Stockton Island, in an 
effort to better understand the fire history of the Great Lakes barren community. In 
particular, I seek to accomplish four main objectives, 1) I quantify multiple size-fractions 
of charcoal throughout the core to compare burning at different spatial-scales through 
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time. 2) I then use these comparisons to assess local and regional scale controls on fire 
frequency, comparing and contrasting local fire history in the Great Lakes barren 
community with that integrated from the broader area, which includes mostly regional 
mixed-deciduous forest.  3) I compare these fire history records with a surface-moisture 
reconstruction inferred from testate amoebae and the timing of known recent climate 
changes (Medieval Climate Anomaly, Little Ice Age) to assess local and regional scale 
controls on burning. 4) I also use my data to discuss the utility of peatland fire history 
records and make brief management recommendations for future controlled burns on 
Stockton Island.  
Study Site 
Stockton Island is located in Lake Superior within The Apostle Islands National 
Lakeshore about 8 km northeast of Bayfield Peninsula, WI. The mean annual temperature 
is 4.6°C with average July and January temperatures of 18.7°C and -11°C, respectively 
(Madeline Island Weather Station). Stockton Island receives an average of ~84 cm of 
precipitation annually with most of this precipitation (67%) occurring during the warmer 
months. The Apostle Islands are positioned just west of areas dramatically impacted by 
lake-effect snow (Norton & Bolsenga, 1993), although still receive up to 25% of winter 
precipitation as lake-effect snow (Scott & Huff, 1996). Areas to the east along the coast 
of Lake Superior experience much greater amounts of lake effect snow, but receive 
similar annual precipitation totals, highlighting the higher summer precipitation totals in 
the Apostle Islands as compared with nearby northern Wisconsin and Upper Michigan.  
Stockton Island was formed as two islands ~12 ka when glacial till was deposited 
by the retreat of the Laurentide Ice Sheet. Following the Nipissing high water level ~6 ka, 
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sand ridges were deposited between Stockton Island and Presque Isle, connecting the two 
to form a single island (Coffin, 1977). The sand ridges that connect Stockton Island with 
Presque Isle are referred to as a tombolo (a geological term for a sand ridge connecting 
two islands), and range in age from the initial ridges deposited during the mid-to-late 
Holocene, to the eastern most ridge which was formed about 400 years ago based on a 
basal date of 380 ± 60 cal yr BP (SL5859) (Table 1) obtained as part of a related study 
from the Stockton Lagoon (Figure 1). Many of the ridges are likely less than 1000 years 
old based on comparison with similar strand-plain systems around Lake Superior (Todd 
Thompson, pers. Comm.). Numerous linear lagoons and wetland sloughs occur between 
sand ridges on the eastern side of the tombolo (Coffin, 1977). Sand ridge deposition on 
the eastern side of the tombolo likely led to the isolation of the basin that is currently 
occupied by Stockton Bog, a ~0.25 km2 oligotrophic peatland.  
Stockton Bog contains plant communities typical of most poor fens in northern 
Wisconsin and the Great Lakes region (Beal & Cottam, 1960). Peatland vegetation is 
dominated by a carpet of Sphagnum moss topped with ericaceous shrubs and sedges with 
scattered individuals of tamarack (Larix laricina) and black spruce (Picea mariana) 
covering large portions of the bog. Denser tree growth occurs at the margins of the 
peatland. Stockton Bog drains into Stockton Lagoon, an interdunal standing-water feature 
at the level of Lake Superior (Figure 1). Stockton Bog was previously cored in the 
1980s, and coarse-resolution analyses of pollen and microscopic charcoal were 
performed (Swain & Winkler, 1983), and provide a millennial-scale perspective on 
vegetation change.  
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Present-day vegetation on Stockton Island is quite different on the sandy tombolo 
in comparison to the areas with glacial till soils, and previous work indicates that these 
differences have existed since the middle Holocene (Swain & Winkler, 1983). The glacial 
till soils of Stockton Island and Presque Isle support a dense, mixed deciduous tree 
community, characterized by yellow birch (Betula alleghaniensis), northern white cedar 
(Thuja occidentalis), and sugar maple (Acer saccharum) (Beal & Cottam, 1960). 
However, the sandy, well-drained soils of the tombolo support a coniferous Great Lakes 
barren community dominated by red pine (Pinus resinosa), eastern white pine (Pinus 
strobus), occasional paper birch (Betula papyrifera), as well as common juniper 
(Juniperus communis), early blueberry (Vaccinium angustifolium), huckleberry 
(Gaylussacia baccata), sand cherry (Prunus pumila), and bearberry (Arctostaphylos uva-
ursi) (Coffin, 1977). Along the southeastern margin of the tombolo the vegetation is 
particularly open, with sparse tree cover and large areas covered with lichens, tickle grass 
(Agrostis hyemalis), crinkled hair grass (Deschampsia flexuosa), false-heather (Hudsonia 
tomentosa), and sand cress (Arabidopsis lyrata) (Figure 1). Many of these species are 
regionally unique, and represent a community of high conservation value (Coffin, 1977). 
Great Lakes barren communities are listed as S1 or “critically imperiled” by the 
Wisconsin Department of Natural Resources due to their restricted range and recent 
decline. 
Humans may have influenced vegetation on the tombolo for much of its history. 
The Ojibwe Native Americans claim that they historically burned portions of the tombolo 
to increase blueberry yields (Feldman, 2011). Fires were also associated with European 
land clearance and logging on the island throughout the early 1900s, with severe events 
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occurring in the 1910s, 1920s, and in 1934. Occasional fires also occurred into the 1950s 
(Feldman, 2011).  The selective logging of white pine in the early 1900s may have 
allowed red pine to dominate the tombolo, although both pine species were likely present 
prior to logging. In 1970, the Apostle Islands National Lakeshore was established as a 
national park, and strict fire suppression was enforced over the following decades 
(Coffin, 1977). In October 2017, the first controlled burn of a very small portion of the 
tombolo (<1 acre) was carried out as an experiment, with potentially larger controlled 
burns in the coming years depending on the development of a fire management plan.  
Methods 
Field Methods 
We collected a 7 m-long peat and sediment core from Stockton Bog in June 2018, 
selecting the coring location where the basin was deepest (Figure 1). The upper ~3 
meters of peat were collected in three drives using a modified Livingstone piston corer 
(10.5-cm diameter), and a Russian-style corer (5-cm diameter) was used to obtain lower 
peat and lacustrine sediments in 50-cm intervals.  All cores were wrapped in plastic wrap 
and aluminum foil before being cased in PVC piping for transport to Lehigh University, 
where they were kept in cold storage until subsampling.  
Laboratory Methods 
The core was subsampled contiguously at 1 cm resolution for loss-on ignition 
(LOI), bulk density, and macroscopic charcoal analyses. The upper ~4.5 m of peat were 
also sampled contiguously for testate amoeba and microscopic charcoal analyses. 
Volumetric samples of 1 cm3 were used for LOI, testate amoebae, and microscopic 
11 
 
charcoal, and 2 cm3 was used for macroscopic charcoal analysis. Standard methods for 
LOI were used to determine soil bulk density and organic matter content, including 
drying at 90°C for 24 hours and burning at 550°C for 4 hours respectively (Dean, 1974). 
Testate amoebae were isolated from sediments using standard sieving methods 
(Booth et al. 2010). Samples were boiled in distilled water for 10 minutes and then 
passed through nested sieves of 300-µm and 15-µm mesh diameter, retaining the material 
on the 15-µm diameter sieve for analyses.  Lycopodium tablets with a known number of 
spores were added to each sample in order to calculate microscopic charcoal 
concentration (Faegri & Iverson, 1989). Glycerol was added to the samples and 
microscopic slides were scanned at 400x magnification, identifying and tallying 
individuals of different testate amoeba taxa until a count total of at least 100 was reached. 
In some cases, this count total was not obtainable, and we only included samples with at 
least a total count of 50 in our analyses. Microscopic charcoal fragments and Lycopodium 
spores were tallied along with testate amoebae. Although our samples included material 
ranging from 15 µm to 300 µm in size, only microscopic charcoal fragments less than 
about 125µm (the size of the largest testate amoebae encountered) were counted.  
Ambrosia (ragweed) pollen was tallied in conjunction with testate amoebae in upper 
portions of the core to identify the stratigraphic horizon associated with European logging 
and land-clearance. 
To isolate and quantify macroscopic charcoal fragments, samples of 2 cm3 of 
sediment or peat were bleached using 6% H2O2, and heated to 50°C for 24 hours 
(Rhodes, 1998). Bleached samples were sieved to isolate two size fractions, 125-250 µm 
and >250 µm. These size fractions were chosen because they represent the range of size 
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classes used in previous studies focused on reconstructing local fire history (Vachula et 
al. 2018). Sieved samples were placed in petri dishes, dried using heat lamps, and all 
charcoal fragments were counted under a dissecting microscope.  
Plant macrofossils were collected from 17 horizons throughout the core for 
radiocarbon dating. Samples were sieved to remove material smaller than 300 µm, and 
then scanned to identify terrestrial plant remains. These were picked, cleaned with 
distilled water, dried, and sent to Woods Hole National Ocean Sciences Accelerator Mass 
Spectrometry Lab for analysis using AMS 14C dating techniques.  
Analytical methods 
Radiocarbon age estimates were calibrated to calendar years before present (years 
before 1950) using Calib version 7.1 (Stuiver et al., 2017) and the IntCal13 calibration 
curve (Reimer et al. 2013), and used to develop an age-depth model with the software 
package CLAM, which uses ‘classical’ age-depth modeling techniques by fitting spline 
curves through the probability distributions of a sequence of calibrated radiocarbon dates 
(Blaauw, 2010). In addition to radiocarbon dates, the top of the core and the position of 
Ambrosia (ragweed) pollen increase, associated with European land clearance, were used 
as chronological markers. Given that logging on Stockton Island was later than nearby 
regions, with major logging operations on the island from 1911-1920 AD (Feldman, 
2011), the position of the Ambrosia pollen rise was assigned an age of 1918 ± 15 AD.   
Testate amoeba counts were converted to percentages based on the total number 
of individuals counted and plotted using the program Tilia (Grimm, 1991). To facilitate 
discussion of the record, compositional zones were identified by stratigraphically 
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constrained cluster analysis using a Euclidean distance metric performed on 
untransformed data with the software CONISS (Grimm, 1991). To assess how similar 
fossil sample were to modern samples in North America, non-metric multidimensional 
scaling (NMDS) was used to directly compare fossil samples with the almost 2000 
modern samples currently in the Neotoma Paleoecological Database (Amesbury et al., 
2018). Water-table depths were also estimated from testate amoeba assemblages using 
this large modern dataset, with bootstrapped sample-specific error estimates (Amesbury 
et al., 2018). Negative values for water-table depths indicate standing water, whereas 
positive values indicate depth of the water table beneath the peatland surface.  
Macroscopic and microscopic charcoal concentrations were converted to influx 
values using accumulation rates derived from the age-depth model. Influx records for the 
various size fractions (<125 µm, 125-250 µm, and >250 µm) were directly compared to 
each other, both visually and by calculating Pearson correlation coefficients. In addition, 
we used two methods to identify potential large fire episodes using the charcoal records 
and the software package Charanalysis (Higuera et al. 2009).  Charanalysis is a 
commonly used program for identifying peaks that rise above background charcoal 
levels, suggesting a significant fire episode. This is achieved by interpolating influx 
values to mean sample resolution, smoothing to remove the low-frequency background 
charcoal signal, and identifying peaks in influx that exceed a particular threshold. Two 
approaches have been used to define this threshold in previous studies, a globally defined 
threshold which remains constant over time, and a locally defined threshold which 
changes through time based on the changing low frequency background signal.  In this 
study, both methods were explored to create estimates of historical fire episodes using 
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both the macroscopic and microscopic charcoal records. The two approaches were 
compared to assess the impact of threshold choice.  
For presentation and to scale the microscopic and macroscopic charcoal records 
for direct comparison, influx values were also rescaled using a minmax transformation, 
variance was homogenized with a Box-Cox transformation, and final values were 
converted to Z scores (Power et al. 2008). Final Z scores were smoothed using a Lowess 
regression with a smoothing window of 1000 years (similar to the smoothing windows 
used in Charanalysis).  The data transformation process was done separately for the peat 
and lacustrine sections of the charcoal records, because the two depositional 
environments had very different background influx levels (Higuera et al. 2009). The 
influx records and the timing of inferred fire episodes were directly compared to each 
other and to the testate inferred hydrologic record both visually and through correlation.  
Results 
Age-depth model and depositional history 
The gross stratigraphy of the sediment core reflects three general depositional 
stages. Below a depth of 685 cm the core consisted of a red lacustrine clay similar to 
deposits found throughout western and southern Lake Superior (Lineback et al. 1979). 
Bulk density was high (0.8-1.2 g/cm3) and organic matter was low (<50%) in this red 
clay. Above a depth of 685 cm the core becomes a brown lacustrine mud with somewhat 
higher organic matter (60-90%) and lower bulk density (0.15-0.6 g/cm3). At depths of 
498-491 cm and 475-472 cm sand lenses occur within this lacustrine mud, and above 
these sand layers at 451 cm a sedge-dominated peat appears and transitions into a 
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Sphagnum peat at about 400 cm depth. Sphagnum peat containing ericaceous shrubs, 
sedges, and tamarack needles persists to the top of the core. Organic matter was higher in 
the peat portion of the record (>95%) and bulk density was lower (0.04-0.12 g/cm3). 
Radiocarbon dating indicates that the transition to a peatland occurred 4784+/-69 cal yr 
BP. The age-depth model indicates relatively rapid accumulation rates prior to peatland 
establishment (5.1 yr/cm), and more variable rates after peatland establishment. 
Deposition times during the peatland record, and therefore the resolution of our fire and 
testate amoeba records, ranges from 3.2 yrs/cm to 31.2 yrs/cm, with an average of 9 
yrs/cm prior to the time of European settlement (Figure 2).  
Testate amoebae and Inferred Water Table Depth History 
 Forty-six taxa of testate amoebae occurred in the peatland portion of the record, 
with considerable variability in assemblage composition throughout the core (Figure 3). 
In lower portions of the peatland record, poor preservation and low count totals prevented 
quantitative analysis; however, a continuous record was obtained for the upper 194cm, 
spanning the last ~2500 years. The record was divided into four major compositional 
zones using cluster analysis, and they are discussed below.  
 Zone A4 (451 cm-387 cm, ~4780-4180 cal yr BP). Testate amoeba communities 
occupying the sedge-dominated peatland after its establishment included mostly 
minerotrophic taxa common to wet environments, with the lowest samples dominated by 
Centropyxis aculeata type and Arcella vulgaris type, morphological groupings of species 
that are common to both lake and wet peatland environments (Payne, 2011). Difflugia 
pristis type became common in upper portions of this zone, and became quite abundant 
immediately prior to the transition to Zone A3. Water-table depth estimates for the 
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samples in this zone ranged from -3 cm to 45 cm, with an average of 5 cm below the 
peatland surface. However, these should be interpreted with caution because other 
environmental factors may control testate amoeba distribution in minerotrophic settings 
(Booth, 2002; Markel et al. 2010). Many samples throughout the zone yielded 
insufficient counts of testate amoebae.  
 Zone A3 (386cm-111cm, 4172-955 cal yr BP). The onset of this zone is 
characterized by abundant Heleopera sphagni, a mixotrophic testate amoeba common to 
nutrient-poor Sphagnum peatlands (Jassey et al. 2015). Poor recovery of testate amoebae 
in the lower samples of this zone led to many insufficient count totals. Lower portions of 
the zone were characterized by assemblages that alternated between abundant Heleopera 
sphagni, Centropyxis aculeata type, and Difflugia pristis type. Assulina muscorum and 
Hyalosphenia subflava appeared in the middle of the zone and became common in the 
assemblages along with infrequent increases of Amphitrema wrightianum, a mixotrophic 
species characteristic of very wet Sphagnum. Heleopera sphagni increased in the upper 
portion of the zone, and its increase is associated with better recovery of testate amoebae, 
with count totals for all samples in the upper 194 cm sufficient for water-table depth 
estimates. Water-table depth estimates for the samples in this zone ranged from -7 cm to 
50 cm, with an average of 23 cm below the peatland surface. 
 Zone A2 (110cm-65cm, 937-302 cal yr BP). Following the decline of 
Hyalosphenia subflava, a testate amoeba species associated with dry but variable 
conditions (Sullivan & Booth, 2011), testate amoebae common to wetter and more stable 
environments become common in zone A2. Archerella flavum increased at the base of the 
zone, but was quickly replaced by Amphitrema wrightianum, which dominated 
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assemblages until the onset of Zone A1. Water-table depth estimates for the samples in 
this zone ranged from -10 cm to 19 cm, with an average of 3 cm below the surface. 
 Zone A1 (64cm-0cm, 291 cal yr BP to present). Cyclopyxis arcelloides, 
Hyalosphenia subflava, Difflugia pulex, and Heleopera sphagni appeared following the 
decline of Amphitrema wrightianum. These species occur in drier environments than 
Amphitrema wrightianum, although their variable abundance in the zone suggests 
considerable variability in moisture. Water-table depth estimates for the samples in this 
zone ranged from 8 cm to 41 cm, with an average of 23 cm below the peatland surface.  
 Non-metric multidimensional scaling (NMDS) of Stockton Bog testate amoeba 
assemblages and modern testate amoeba communities collected from North American 
peatlands (Amesbury et al. 2018) produced a three-dimensional solution that represented 
78% of the variance in community composition in the combined datasets, with the first 
two axes representing about the same variability (31% and 29% respectively) (Figure 4). 
For the modern samples, axis 1 and axis 2 capture compositional changes associated with 
the measured water-table depths (r2=0.12 and 0.29) for axes 1 and 2 respectively. Inferred 
water-table depths for the fossil samples are also correlated with position of the samples 
along the two axes (r2=0.12 and 0.32 for axes 1 and 2 respectively). However, some 
Stockton Bog samples are positioned outside the space occupied by the modern samples, 
indicating that no good modern analogues exist for these samples. These “no-modern 
analogue” samples all come from the sedge-dominated Zone A4 and the lower portions 
of Zone A3, and are characterized by very abundant Difflugia pristis type, a species 
group of somewhat uncertain ecology. In a few samples, 100% of the testate amoebae 
identified were this taxon. Because of the poor modern analogues in portions of A3 and 
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A4, and the lack of continuous data from these zones because of variable preservation, 
quantitative analysis of the water-table depth reconstruction and comparison to the 
charcoal records was restricted to the upper 194 cm.  
Charcoal Records and Fire Episodes 
Charcoal in all size fractions <125 µm, 125-250 µm, and >250 µm, was abundant 
throughout the core, with no samples lacking charcoal in any of the size classes (Figure 
5). The microcharcoal record (<125 µm) revealed many long-term changes in influx with 
the most prominent occurring ~4.1-3.6 ka. Overall, microscopic charcoal influx was 
lower over the last 1000 years of the record, however, considerable variability occurred. 
The microscopic charcoal record was not particularly correlated with either of the 
macroscopic size-fractions (r=0.16, 0.13). 
 The 125-250 µm size fraction also revealed several long-term changes in influx. 
Influx values increased 6-5 ka (when Stockton Bog was a lagoon or shallow-water body), 
3.6-4.1 ka, 2.1-2.6 ka, and over the last ~400 years. Other than the increase 3.6-4.1 ka, 
none of these increases correspond with increases in the microcharcoal record. 
Conversely, nearly all of these changes were visible in the >250 µm record, with the 
exception of the rise between 2.1 and 2.6 ka (Figure 5). However, the largest peak in 
125-250 µm charcoal occurred at 2.3 ka and was not associated with a peak in >250 µm 
charcoal, and interestingly this sample contained charred Sphagnum remains. The overall 
correlation between the two macroscopic size fractions was r =0.54. Considering this 
correlation and prior research demonstrating a similar source area for both >250 µm and 
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125-250 µm charcoal fragments (Vachula et al. 2018), the macrocharcoal values from the 
two size fractions were combined and treated as one record in further analyses. 
 The macrocharcoal (>125 µm) and microcharcoal (<125 µm) records showed 
little relationship over the full record (r=0.17), similar to other studies comparing large 
and small size classes (Florescu et al. 2018). However, a moving correlation window 
(1000-yr) revealed some time periods of coherence between the two size fractions. 
Sustained periods of positive correlation (r values >0.3) were observed at 1.3-1.8 ka and 
3.3-4.3 ka, and were often driven by a synchronous peak or two in the two size fractions 
(Figure 5).  
In addition to long-term patterns, short-term peaks likely attributable to fire 
episodes that exceed background levels, can be seen throughout the charcoal influx 
records (Figure 6). These peaks were distinguished as fire events using the two threshold 
techniques within Charanalysis, and the results highlight the potential differences that 
result from different threshold approaches. Both methods identified fire episodes during 
similar time periods; however, the approach using a locally defined threshold identified 
far more fires, whereas the approach using a global threshold identified only the largest 
peaks, and did not identify peaks during time intervals when background charcoal influx 
was particularly low. The estimated, average fire return interval of the two approaches 
was 57 yr/fire and 99 yr/fire using the two methods, respectively. Both approaches may 
underestimate true fire frequency, as they were able to identify 6 and 4 fire episodes 
during last ~270 years, yet there were at least nine recorded fires on the island since 1750 
AD (Feldman, 2011); however, it is unknown how many of these were on the tombolo 
and it is likely that only 4-6 of these fires were particularly large (Feldman, 2011). 
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Although dating uncertainty of the upper sediments does not allow direct identification of 
many historically documented fires, the fires episodes that occurred after logging in the 
1920s and 1930s are clearly indicated. Although I use the results from both the global and 
local threshold approaches for subsequent comparisons, particularly because the global 
approach highlights particularly big fire episodes, the local threshold approach is likely a 
better estimate of past fire frequency and may still underestimate it.  
Relationships of Influx and Fire Events to local hydrology: 
 Macrocharcoal influx residuals and reconstructed water-table depth revealed no 
correlation over the last ~2500 years (r= -0.06), although microcharcoal residuals and 
water-table depth were weakly correlated (r=0.24). When analyzed with a running 
correlation window (1000-yr), the microcharcoal residuals shows a consistent positive 
correlation with water-table depth throughout the record (Figure 7). Despite the lack of 
overall correlation between macroscopic influx residuals and water table-depth, fire 
episodes that occurred simultaneously in both the macroscopic and microscopic records 
only occurred in samples that were drier than average over the past 2500 years.  
Discussion 
Bog records of fire history: potential and uncertainty 
Most records of fire history have been developed using sedimentary charcoal 
from lakes (Beaty & Taylor, 2009; Millspaugh & Whitlock, 1995), and analytical 
methods to identify fire episodes from these records have focused on accounting for 
depositional processes of lacustrine systems (Higuera et al. 2010; Ali et al, 2009). For 
example, sediment focusing and redeposition, as well as surface inflows, can lead to low 
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frequency changes in background levels of charcoal, and significant peaks in charcoal 
above this changing background level are typically used as an indicator of a local fire 
episode in the adjacent upland (Higuera et al. 2005). Furthermore, often only charcoal 
counts that are significantly greater than previous samples are identified as peaks, and 
therefore multiple contiguous samples with high charcoal counts are often identified as a 
single fire episode (Higuera et al., 2010; Hawthorne & Mitchell, 2016; Fletcher et al. 
2014). Although this approach has been applied to studies of charcoal from bogs (Morris 
et al. 2015), it is unclear whether it is really appropriate for the depositional environment 
of bogs (Florescu et al. 2018). Understanding how different depositional environments 
record past fire events has been identified as a critical challenge for comparison of sites 
and syntheses at regional to global scales (Hawthorne et al. 2018). 
Previous studies have suggested that bog records contain a more local record of 
past fire events than lakes (Conedera et al. 2009; Mooney & Tinner, 2011; Feurdean et al. 
2012), may contain a less noisy charcoal variations than lakes (Feurdean et al. 2012; Rius 
et al. 2011), and have little to no background signal from charcoal redeposition because 
inputs are atmospherically deposited (Florescu et al. 2018). Comparing the peat and 
lacustrine portions of the Stockton Bog macroscopic charcoal influx record provides 
confirmation of some of these conclusions (Figure 5). During the lacustrine portion of 
the record the background influx values are higher than the peat portion of the record, 
consistent with redeposition or surface inflows contributing charcoal. Changes in 
charcoal influx across lithological transitions are therefore unlikely to be related to 
changes fire activity, as noted previously by Florescu et al. (2018). However, other 
processes in addition to lithological changes may generate low-frequency patterns in bog 
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charcoal records, including changing vegetation density and perhaps aerial charcoal 
redeposition in particularly open environments, so identifying significant fire episodes 
above background levels might still be warranted (Clifford & Booth, 2013; Power et al. 
2008).  
The macroscopic influx record from Stockton Bog also displayed some longer-
term trends in charcoal influx during the bog developmental phase (last ~4500 years) 
(Figure 5). Given that these changes are not likely driven by changing depositional 
processes, potential causes might include 1) changing vegetation composition and 
density. 2) changing size of the tombolo, and therefore potential burn area, as it 
developed through time, and 3) real changes in the frequency of fire. Coarse-resolution 
pollen analysis of Stockton Bog (Swain & Winkler, 1983) shows long-term trends of 
increasing birch and decreasing pine pollen over the past 6000 years (Figure 8); 
however, no clear, corresponding trend toward decreasing charcoal occurred. However, 
changes in vegetation density cannot be ruled out as a potential explanation for some of 
the low- frequency changes in charcoal, as fires that occurred during higher vegetation 
density would likely produce more charcoal than those with less dense vegetation. The 
accretion of sand ridges on the tombolo would have also increased the size of tombolo in 
the late Holocene, and given that the most recent ridge on the eastern margin of the 
lagoon (Figure 1) likely formed about 400 years ago, much of the land area changes were 
likely completed by that time. The macroscopic charcoal record of Stockton Bog is 
probably best viewed as an integration of changes in fire frequency, fuel availability, and 
changing tombolo land area. Because these multiple factors would be expected to 
influence charcoal peak sizes and background charcoal levels, identifying fire episodes 
23 
 
using a procedure developed for lakes is likely warranted, and a locally defined threshold 
probably best accounts for these changes.  
While bog charcoal records provide advantages over lake records because they 
are atmospherically derived and minimize the effects of charcoal redeposition, they also 
present certain complications not applicable to lake records. Bogs can burn, generating 
charcoal from fires occurring on their surface (Sillasoo et al. 2007; Turetsky et al, 2004) 
and therefore, making inferences about upland fires is potentially confounded by local 
fires on the peatland. However, many peatland fires begin in the upland and then spread 
to the peatland (Turetsky et al. 2015), although this may not always be the case. 
Furthermore, during particularly dry times, the peat itself can sometimes burn causing 
depositional hiatuses (Martin, 1999; Clifford et al. 2015). The largest peak in 
microcharcoal at Stockton Bog occurred at ~2.3 ka, and was associated with burned 
Sphagnum leaves, clearly indicating that the bog vegetation burned. This was the only 
sample in the core where burned peatland vegetation was observed. The age-depth model, 
which is well-constrained by radiocarbon dates before and after this bog fire (Figure 2), 
shows that little or no time was lost, indicating minimal or no peat burning deeper than 
the living vegetation. However, the event is absent in the largest charcoal fraction (>250 
um), which might be expected if little woody vegetation burned. Others have noted that 
peatland charcoal tends to have more smaller fragments than nearby lakes (Florescu et al. 
2018), and therefore a lower size threshold, like 125 um, should likely be used for 
peatland fire studies. Despite the lack of major hiatuses, the Stockton Bog record does 
present variable accumulation rates (~3-31 yr/cm). Variable accumulation rates are 
common in both lake and bog records (Jones et al. 2009; Blockley et al. 2008), and can 
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make charcoal records more difficult to interpret. Despite these drawbacks, bog records 
present some inherent advantages over lake records, and coupled lake-bog records from 
the same landscape would likely be extremely useful to deciphering fire history and 
better understanding how depositional setting influences the primary fire signal in 
charcoal records.   
Comparing and contrasting regional and local reconstructions of fire 
The majority of sedimentary charcoal studies have examined a single size class of 
charcoal, whether microcharcoal (<125 µm) (Clifford & Booth, 2013), macrocharcoal 
(>125 µm) (Lafontaine & Asselin, 2017), or total charcoal volume (Weng, 2005). Studies 
have shown that all of these methods are effective at measuring fire in a general way 
around a study site (Ali et al, 2009); however, additional information can be gained 
regarding spatial scales when fragments are divided into size classes. Oris et al. (2009) 
demonstrated that regional and local fires can be identified separately by examining 
microscopic and macroscopic fragments, respectively. Vachula et al. (2018) elaborated 
on this idea by determining specific source areas for microcharcoal (mainly within ~125 
km) and macrocharcoal (mainly within ~3 km). Florescu et al. (2018) further tested the 
approach by applying the method to several lakes and peatlands, and noting that the lack 
of correlation between microcharcoal and macrocharcoal records from within a site was 
consistent with sensing of fire at different spatial scales. 
 The records from Stockton Bog also demonstrate the effectiveness of this 
approach, with the microcharcoal and macrocharcoal records mostly uncorrelated or 
weakly correlated with each other. Microcharcoal at the site likely derives from both the 
deciduous and pine dominated portions of the island, as well as smaller amounts from the 
25 
 
broader region. However, most of the macrocharcoal likely reflects burning of the 
tombolo itself. The lack of correlation between the two size classes suggests that most of 
the local fires on the tombolo were not associated with synchronous fires throughout the 
mixed-deciduous portions of the island or in the broader region. However, during two 
periods of time, from 1.3-1.7 ka and prior to 3.4 ka, the microscopic and macroscopic 
charcoal influx records are similar (Figure 5), suggesting that tombolo fires may have 
been associated with more widespread fires. Furthermore, nine local and regional fire 
episodes were synchronous during these time windows and throughout the records, likely 
signaling widespread fire events that burned both the tombolo and areas of mixed-
deciduous forest on the island and perhaps the broader region. Such widespread fires 
were likely linked to drought events, and all were associated with drier than average bog 
conditions. During these drought events local-scale controls on fire were likely exceeded, 
leading to a higher probability of fire across ecosystem types.  
History of fire, climate, and vegetation on Stockton Island and comparison to the broader 
region 
 Previous work has shown how changing climate can alter fire regimes in a variety 
of ecosystems (Flannigan et al. 2009; Grissino & Swetnam, 2000; Swetnam, 1993), and 
also suggests that fire events within different landscapes show different sensitivity to 
climate (Tweiten et al. 2015; Lynch et al. 2014).  For example, Clifford & Booth (2013) 
observed that multidecadal drought in Maine was linked to increased probability of fire 
during the late Holocene; however, fires in areas of mixed deciduous vegetation were 
more tightly associated with drought whereas relationships between fire and drought 
were less strong in areas of pine-dominated vegetation that burned more frequently. 
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Additionally, Lynch et al. (2014) found forests with abundant jack pine in northwestern 
Wisconsin had fire regimes more resilient to climate change because of the positive 
feedback between fire and jack pine. Such observations highlight the complexity of fire-
climate relationships, and the ability of different ecosystem types even within the same 
region of influence these relationships. Comparison of testate amoeba-inferred surface 
moisture and the local and regional fire records from Stockton Bog suggest similar 
patterns. Regional fires indicated by microscopic charcoal influx probably reflect fires in 
the mixed-deciduous forest of Stockton Island and the surrounding region, and these fires 
generally occurred more during times of dry bog conditions (Figure 7). However, little 
relationship between macroscopic charcoal and reconstructed water-table depths 
occurred, suggesting that the sandy, tombolo landscape burned somewhat independently 
of moisture conditions. While the mixed deciduous forests may require long-term drought 
to burn extensively, the tombolo may only require a few months of summer dryness and 
an ignition source. However, these relationships may change given changes in centennial-
scale climate such as the Medieval Climate Anomaly and the Little Ice Age, which may 
have impacted the frequency of particularly large fires on the tombolo, as highlighted by 
the global threshold approach (Figure 7).  
 Average local fire return intervals on the tombolo were around ~55 yr/fire 
throughout much the record, however, fires dramatically decreased in frequency 1-2 ka 
during a time of dry surface conditions at the bog (Figure 7) and low peat accumulation 
rates (Figure 2). Lower charcoal influx during this time was not just a reflection of the 
slower accumulation rate; concentrations of macrocharcoal were also relatively low in 
these samples (Figure 5). Interestingly, microcharcoal concentrations increased at this 
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time, with influx values slightly decreasing because of the slow accumulation rates. 
During this prolonged time of dry bog conditions, the frequency of fire episodes on 
Stockton tombolo was greatly reduced, while microcharcoal decreased a smaller amount, 
suggesting little change in regional fires. This counterintuitive trend of dry conditions and 
reduced local burning is puzzling; however, similar patterns are seen in ecosystems 
where fire is limited by the accumulation of fuel (Behling et al. 2004). The eastern 
portion of the tombolo today is very open, mostly containing juniper, beach heather, 
grasses, open sand, and widely scattered trees. The bog burning event ~2.3 ka proceeded 
this interval of low macrocharcoal influx, and perhaps a more open vegetation persisted 
after this large fire, with occasional small fires that primarily consumed grasses and 
forbs, which could have burned regularly without producing enough charcoal to yield a 
strong sedimentary signal. The return of more moist conditions ~1ka, may have allowed 
tree density to increase and therefore the production of more charcoal when the tombolo 
burned. Although changing tree density is challenging to infer from the pollen record, 
pollen influx estimates might be used to explore this in a future study.  
Stockton Island tombolo has remained a pine-dominated landscape throughout its 
history, even if density changes occurred, although coarse-resolution pollen analysis from 
Stockton Bog shows a long-term trend of decreasing pine and increasing birch over the 
complete history of the tombolo (Figure 8) (Swain & Winkler, 1983). This gradual shift 
may have occurred as the tombolo expanded and soil development occurred. The modern 
tombolo is still pine-dominated, with primarily red pine following the selective logging 
of white pine during the early 1900s, which is reflected in the pollen diagram (Feldman, 
2011) (Figure 8). The charcoal influx values and fire frequency reconstructions are 
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similar to those of the northwestern Wisconsin sand plain, where pine and oak dominated 
landscapes burn frequently (Hotchkiss et al, 2007; Lynch et al. 2006).  
 Fire regimes can be influenced by climate change including both average 
temperature (Marlon et al. 2012) and surface moisture (Higuera et al. 2011), although 
these relationships vary in different ecosystem and landscape types (Lynch et al. 2014). 
Although local fires on Stockton tombolo were not sensitive to moisture fluctuations as 
indicated by bog surface conditions, the largest local fire episodes on Stockton tombolo, 
indicated by the global threshold approach, show a correspondence with the Medieval 
Climate Anomaly (MCA) (~1000-800 cal yr BP) and the Little Ice Age (LIA) (~500-100 
cal yr BP). Three large local fire episodes occurred over the MCA, and three or four large 
fire events are documented in other records at this time (Booth et al. 2012), while no 
large fire episodes occurred on the tombolo over the LIA (Figure 7). Some fire records 
from the northwestern Wisconsin sand plain show similar patterns across the MCA-LIA 
transition (Hotchkiss, 2007); however, it is somewhat counterintuitive that testate 
amoebae indicate a generally wetter MCA and a dryer LIA, although the MCA was 
punctuated by droughts similar in timing to nearby regions (Booth et al. 2006, 2012) 
(Figure 7). Enhancement of lake-effect snow has been proposed during the MCA (Booth 
et al. 2012), and has some support from modeling efforts (Norton & Bolsenga, 1993), so 
perhaps Stockton Bog was more influenced by winter precipitation during this time 
period. Interestingly, Irwin Smith Bog in northern lower Michigan, which is positioned 
along the edge of heavy lake-effect snow influence like Stockton Island, shows the same 
patterns of rapid wetting (with large short-term droughts and fires) over the MCA, and 
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steady drying over the LIA. However, much of the broader Great Lakes region 
experienced a wetter LIA (Davis et al. 2000).  
Conclusions and Management Implications 
 The Great Lakes barren community located on Stockton Island has a long history 
of persistent burning, and likely relies on fire for maintaining its regionally unique 
vegetation density and plant community. The average fire return interval based on the 
Stockton Bog core was ~55 years/fire, and macroscopic charcoal was encountered in 
every sample along the core. For the two hundred years before European land clearance, 
fire return intervals were approximately the same as this long-term average, and during 
this time period the tombolo was similar to its present configuration and land area. Fire 
regimes of the tombolo have been relatively insensitive to climate variability, similar to 
jack pine dominated ecosystems of the northwestern Wisconsin sand plain (Lynch et al. 
2014), although times when tombolo fires were synchronous with those of the broader 
region only occurred when it was dry.  Widespread fires have not occurred on the 
tombolo since sometime before 1970, meaning the tombolo is approaching an interval 
without burning that is unusual over the last 1000 years. A management plan that 
considers this long-term average is recommended to conserve this rare and unique 
ecosystem, which has disappeared from most mainland areas. 
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Tables 
Lab no. 
Depth 
(cm) 
Material Dated 
14C Age 
(year BP) 
Calibrated 
Median 
Age (cal yr 
BP) 
Calibrated 
2-sigma 
Range (cal 
yr BP) 
156202 50-51 Sphagnum stems  185 ± 15   180 0-285 
156203 74-75 
Larix, sedge leaf, 
Sphagnum 340 ± 15 380 316-471 
156204 90-91 
Larix, Sphagnum, Kalmia 
leaf 720 ± 15 673 662-683 
155484 
106-
107 Brown moss, Sphagnum 945 ± 15 849 796-922 
156205 
126-
127 
Carex oligosperma, 
charcoal, charred Picea  1280 ± 15 1235 1182-1275 
155485 
136-
137 Charred Picea, Sphagnum 1740 ± 15 1658 1575-1707 
156206 
151-
152 Sphagnum  2150 ± 25 2143 2048-2303 
155486 
166-
167 Sphagnum  2230 ± 20 2222 2156-2327 
155487 
186-
187 Sphagnum 2460 ± 20 2593 2379-2705 
155488 
203-
204 Sphagnum 2500 ± 20 2581 2491-2723 
155489 
238-
239 Sphagnum, Larix needle 2860 ± 20 2975 2890-3059 
156207 
268-
269 Sphagnum 3130 ± 20 3361 3258-3396 
155490 
283-
284 Sphagnum 3370 ± 25 3613 3564-3689 
*155491 
300-
301 Sphagnum 3110 ± 20 3337 3251-3380 
155492 
350-
351 Larix needles 3610 ± 25 3918 3849-3979 
155493 
449-
450 sedge (gyttja) 4220 ± 25 4759 4651-4849 
155494 
700-
701 
Pinus strobus, Betula 
papyrifera leaves 5270 ± 25 6059 5942-6178 
155495 58-59 
Cyperaceae, Cladium, 
Vaccinum 345 ± 20 386 320-481 
Table 1: Radiocarbon Dates from Stockton Bog and Lagoon. Radiocarbon dates were 
taken using plant macrofossils and analyzed at Woods Hole–NOSAMS lab. Dates were 
calibrated using Calib. *Italics indicates date not used in Stockton Bog age-depth model 
due to age reversal. Bold indicates sample taken from Stockton Lagoon.  
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Figure 4: Non-metric multidimensional scaling (NMDS) of Stockton Bog testate 
amoeba assemblages and modern testate amoeba communities collected from North 
American peatlands (Amesbury et al. 2018). Note that samples from amoeba zone 4 and 
some samples from zone 3 fall outside the distribution of the modern samples, indicating 
poor modern analogs in the calibration dataset. Panels below the ordination show the 
abundance of common taxa in the Stockton Bog core, highlighting that the samples with 
poor modern analogues have abundant Difflugia pristis type and/or abundant Centropyxis 
aculeata type. 
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Figure 5: Charcoal Records and Correlations. A) Influx and concentration for >250 
µm charcoal in the Stockton Bog core. B) Running correlation using a 1000-yr window 
between the influx values for the >250µm and the 125-250µm size-classes. C) Influx and 
concentration for 125-250µm µm charcoal in the Stockton Bog core.(D) Influx and 
concentration for 125-250µm and 250 µm charcoal, combined into a single record (>125 
µm) in the Stockton Bog core, E) Running correlation using a 1000-yr window between 
the influx values for the >125 µm and the microscopic charcoal (<~125 µm). F) 
Microcharcoal concentration (<~125 µm) and influx from the Stockton Bog core.  
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Figure 6: Fire episodes and return intervals from Stockton Bog. A) Fire return 
intervals inferred from the frequency of fire episodes using Charanalysis and a locally 
defined threshold, with fire episodes marked below. B) Fire return intervals inferred from 
the frequency of fire episodes using Charanalysis and a globally defined threshold, with 
fire episodes marked below. C) Box-cox transformed, detrended residuals comparing 
microscopic and macroscopic charcoal influx on a standardized scale, highlighting the 
peaks used to infer fire episodes. 
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Figure 7: Comparison among fire, bog hydrology, and climate at multiple spatial-
scales. A) Macroscopic charcoal (transformed and standardized data from Figure 6) 
compared to the water-table depth record inferred from testate amoebae. B) Running 
correlation between water-table depth and macroscopic charcoal data, showing little 
correlation. C) Microscopic charcoal (transformed and standardized data from Figure 6) 
compared to the water-table depth record inferred from testate amoebae. D) Running 
correlation between water-table depth and microscopic charcoal data, showing positive 
correlation throughout the entire record.  The Medieval Climate Anomaly (MCA) and 
Little Ice Age (LIA) are indicated with gray boxes, and fire events identified using the 
globally and locally defined thresholds displayed as Xs.  
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Figure 8: Coarse-resolution pollen record redrawn from the previous study by 
Swain and Winkler (1983). This pollen record suggests pine and birch dominance for 
much of the past 6000 years, although a gradual change toward less pine and more birch 
is evident. Microscopic and macroscopic charcoal records are plotted for comparison.  
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